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Light concentration with strong temporal and spatial confinement is crucial for tailoring light-
matter interaction. Electromagnetic cavity modes in photonic and plasmonic resonators provide
platforms for optical field localization. Here, we propose a concept of quasi-bound states in the
continuum gap cavity and reveal that ultra spatiotemporal confinements in free-space can be real-
ized in a dielectric nanocavity metasurface. By introducing an asymmetric air slot in a nanodisk
resonator, an ultra-high quality factor Q ∼ 106, accompanying an ultra-small effective mode vol-
ume, Vm ∼ 10−2 (λ/n)3 are achieved resulting in a Purcell factor of 106(λ/n)−3 in the visible
wavelength range. The toroidal dipole drives the electric and magnetic field concentration in the air
gap with a generated vortex polarizing electric field. As an alternative to plasmonic and photonic
crystal cavities, our study provides a more intriguing platform for engineering light-matter interac-
tion to advance a plethora of fundamental studies and device applications, such as Purcell factor
enhancement, room temperature strong coupling and nonlinear nanophotoncis.
Engineering single-photon emitter coupling with a res-
onant cavity is a fundamental topic in quantum electro-
dynamics [1]. The coupling efficiency is predominantly
determined by a cavity’s ability to spatially concentrate
the field in a small volume and to suppress the dissipa-
tion of photons. In the weak coupling regime, these fac-
tors are quantified by the Purcell factor as PF ∝ Q/Vm
[2]. In the strong coupling regime, these factors are
expressed in terms of the coupling strength g, where
g =
√
Nµe ·E ∝ µe
√
N/Vm, with µe the emitter’s dipole
moment and E the electric field confined in the mode vol-
ume, N is the number of the emitters placed inside or in
the near field of the cavity [3–5]. Q is the quality factor of
the mode and Vm is the effective mode volume. Optimiz-
ing Q/Vm has been a long-time pursuit in order to realize
efficient light-matter interaction, and has been an inten-
sive topic of research over the last three decades due to
not only their fascinating fundamental properties from a
quantum optics point of view, such as high-temperature
Bose–Einstein condensation [6], but also for technological
applications such as low threshold polariton lasing [7, 8],
single photon switches [9], nonlinear nanophotonics [10]
and quantum information [11].
To date high Q/Vm ratios have been achieved in
a relatively large-scale dielectric Fabry-Perot microcav-
ity [12–16], miniature plasmonic nanocavity [17–19] and
a hybrid system [20]. Generally, the plasmonic cav-
ity outperforms a dielectric cavity to enable efficient
light-matter interaction due to the ultra-confined field
strength and sub-diffraction-limited effective mode vol-
umes Vm ∼ 10−4(λ/n)3 [4]. However, energy dissipa-
tion is an inevitable issue, and consequently, plasmonic
nanoresonators suffer from low achievable Q factors, typ-
ically in the range ∼10-100 [19, 21]. In contrast, a dielec-
tric cavity can provide a large Q factor (∼ 105−106) em-
ploying Bragg mirror or whispering gallery mode config-
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urations but could not efficiently spatially trap the elec-
tric field in a small mode volume in air. Conventional
dielectric resonators have electromagnetic mode volumes
∼ (λ/2)3 [18]. Additionally, most of the field concentra-
tion exists inside the dielectric resonator rather than in
the near field [4, 22, 23]. It is therefore challenging to
place individual dipole emitter in the free-space dielec-
tric hot-spot for efficient coupling. Hybrid plasmonic-
dielectric structures have also been considered in order
to compensate their strength and weakness and to fur-
ther optimize Q/Vm [24], though this requires complex
numerical optimization and technical fabrication. An in-
triguing question arises: is that possible to create a free-
space dielectric hot-spot with ultra-spatiotemporal field
confinement?
Regarding temporal confinement, recent developments
with dielectric nanoresonators have revolutionized opti-
cal cavity design by employing bound states in the contin-
uum (BIC) [25–27]. BIC, first discovered in quantum sys-
tems by von Neumann and Wigner [28] and later proved
in Maxwell’s theory [29, 30], is in principle wave solutions
that are embedded in a radiative continuum and ideally
non-radiative, thus with an infinitely high Q but inacces-
sible. However, the eigenmode becomes accessible when
the symmetry is broken via an oblique angle of incidence
or geometric symmetry breaking [25, 27, 31], where BIC
transfers into quasi-BIC and has an accessible but still
finite-high Q [27, 32]. Regarding spatial confinement,
the toroidal dipole has shown the exceptional capability
to realize field confinement [23]. Further inspired by con-
ventional photonic crystal (PhC) nanobeam cavity de-
sign, the electric field can be enhanced employing the
so-called slot effect and anti-slot effect [2, 33, 34], where
an air slot is introduced to form a refractive index con-
trast and thus realize local field concentration. Therefore,
here in this work, we propose a concept of quasi-BIC gap
cavity, where an asymmetric air slot is introduced in a
dielectric resonator, which exhibits a toroidal dipole res-
onance. The quasi-BIC nature and corresponding Q/Vm


























FIG. 1. Schematic graph of a unit cell geometry in Cartesian
coordinate: a dielectric nanodisk with a inserted slotted air
gap. The origin of the coordinate is shown as O. The position
of the air gap is denoted as ymax and ymin. d0 refers to the
gap width of the symmetric nanodisk. r refers to the nanodisk
radius. By varying ymax only with a fixed ymin, symmetry is
broken along y direction. ∆S denotes the symmetry breaking
by only varying ymax for reduced area of upper part and the
corresponding asymmetry parameter is α = ∆S/S.
is generated.
The designed cavity is illustrated in Fig. 1. An air
slotted gap is introduced within the disk and a cavity is
created. ymax and ymin represent the positions of the
gap and the width d = ymax − ymin. The designed
nanocavity is symmetric while |ymax| = |ymin| where
d0 denotes the corresponding width. It becomes asym-
metric in y direction when |ymax| 6= |ymin|. To gain
symmetry breaking, ymin is fixed and ymax is varied.
∆S refers the reduced disk area by increasing the cav-
ity width and can be approximated as a Trapezoid area
with ∆S = (
√
r2 − y2max + r)(ymax − d0/2). The asym-
metry parameter is defined as α = ∆S/S.
Positioning the designed cavity in a periodic array con-
stitutes a metasurface. The metasurface period is fixed
as px = py = 500 nm, the height of disk is h = 100
nm and radius r = 180 nm. The dielectric cavity meta-
surface explored here is made of titanium dioxide, whose
permittivity is taken from the experimental data [35] and
is lossless in the visible wavelength. Three-dimensional
(3D) finite-difference time-domain (FDTD) simulations
were employed to calculate the optical properties. The
metasurface is illuminated by a normally incident wave,
Einc = E0e
ik0z−ωtx, which polarizes along the slotted
air gap. The transmission spectra for the y-symmetric
metasurface (ymin = -20 nm, ymax = 20 nm) and y-
asymmetric metasurface (ymin = -20 nm, varied ymax)
can be seen in Fig. 2 (b).
Due to symmetry breaking along y direction, a sharp
eigenmode appears in each transmission spectra with
varying linewidth as seen in Fig. 2 (b). Clear Fano line-
shapes are seen, which can be phenomenologically fitted
by T (E) = T0 + A0
[q+2(E−E0)/Γ]2
1+[2(E−E0)/Γ]2 [36], where E0 is the
resonance energy and E = hc/λ, Γ is the resonance en-
ergy linewidth, T0 is the transmission offset, A0 is the
FIG. 2. Quasi-BIC nature of the designed gap cavity metasur-
face. (a) Schematic of the designed metasurface in free-space.
The metasurface is normally illuminated by a x-polarized
plane wave, Einc = E0e
ik0z−ωtx, polarizes along the slotted
air gap. (b) Simulated transmission spectra of the designed
nanocavity metasurface. The position of y-symmetric air gap
is |ymax| = |ymin| = d0/2 = 20 nm. Keeping ymin = -20 nm,
ymax is varied. The shown data is for ymax ranging from 23
nm to 35 nm in steps of 2 nm. The radius of the nanodisk is
r = 180 nm and the height is h = 100 nm. The periodicity of
the metasurface is px = py = 500 nm. (c) A Fano fit of the
transmission spectra for ymax = 25 nm. (d) The calculated
radiative Q factor of the quasi-BIC resonance as a function of
calculated asymmetry parameter α = ∆S/S (log-log scale).
The minimum asymmetry factor is for ymax = 21 nm with α
= 0.008 and a gap width d = 41 nm.
continuum-discrete coupling constant, and q is the Breit-
Wigner-Fano parameter determining the asymmetry of
the resonance profile. The Q factor of the Fano resonance
is evaluated by Q = E0/Γ. An example of the Fano fit
is shown in Fig. 2 (c) for the transmission spectra for
ymax = 25 nm. The relationship between the calculated
radiative Q factor and the calculated asymmetry degree
α can be seen in Fig. 2 (d), where the dependence meets
the inverse quadratic law (Q ∝ α−2), which is consistent
with the results reported by Koshelev et al. [25] and thus
demonstrates the designed gap cavity is quasi-BIC in na-
ture. In this work, the y-symmetric cavity is referred
as BIC cavity, where the infinitely-high Q is inaccessible
and y-asymmetric cavity is referred as quasi-BIC cavity,
which has the accessible and high Q. The wavelength
with the transmission minimum is referred to the eigen-
mode wavelength of the quasi-BIC cavity.
Since the proposed quasi-BIC gap cavity has shown
strong temporal confinement, we proceed to explore the
spatial field confinement. The amplitude ratios of the
electric field, |E/E0| in the x−y plane at z = 0 and mag-
netic field, |H/H0| in the y− z plane at x = 0 are shown
in Fig. 3. The corresponding field vectors are also shown.
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FIG. 3. The calculated amplitude ratio of electric field and magnetic field maps at the eigenmode wavelength, corresponding
to |E/E0| in x − y plane at z = 0 and |H/H0| in y − z plane at x = 0 for (a) y-symmetric slotted air gap |ymin| = |ymax|
= 20 nm at BIC resonant eigenmode and (b) y-asymmetric slotted air gap |ymin| = 20 nm, |ymax| = 25 nm at quasi-BIC
resonant eigenmode. Here the inspected wavelengths are the same for both at 606.94 nm. The corresponding field vectors
are shown. The black line denotes the cavity and the red line denotes the position of the slotted air gap. (c) The calculated
scattering amplitude of multipole modes contributing to far field at the quasi-BIC eigenmode wavelength, including the electric
dipole, P, electric toroidal dipole Te, magnetic dipole m, magnetic toroidal dipole Tm, electric quadrupole, Q and magnetic
quadrupole M. The black dash line indicates the inspected quasi-BIC eigenmode wavelength at 606.94 nm. (d) The comparison
of scattering amplitudes of the BIC cavity and quasi-BIC cavity at 606.94 nm.
As can be seen from Fig. 3 (a), there are only ∼ 2.4 fold
electric and magnetic field enhancement inside and in the
near field of the BIC cavity (gap width ∼ 40 nm). There
is a linear current displacement along x, resulting in an
azimuthal magnetic field as seen in BIC H map. The
generated magnetic field is mostly confined in a torus-like
shape, which threads the two symmetric parts together
by the inward (along x) displacement current. Regarding
the relatively low E and H field enhancement seen here,
it is worth mentioning that most of the plasmonic gap
cavity owns large electric field when the incident light is
polarized across the gap rather than along the gap em-
ploying the interaction between adjacent parts of a plas-
monic dimer resonator separated by a small gap or due to
the sharp features of the resonator, the so-called lightning
rod effect [18]. The localized field enhancement for light
polarized along and across the gap in an symmetric di-
electric dimer can be found elsewhere [41], where a maxi-
mum of only ∼ 10 fold is achieved at visible wavelengths.
However, as can be seen from Fig. 3 (b), a maximum
of ∼ 500 fold |E/E0| and ∼ 600 fold |H/H0| enhance-
ment is found in the quasi-BIC gap cavity (gap width ∼
45 nm). Furthermore, distinctly different with most of
the dielectric resonators, the field of quasi-BIC cavity is
more squeezed in the slotted air gap. Furthermore, an
in-plane vortex electric field (x − y) is formed, with a
corresponding azimuthally polarized or vortex displace-
ment current. A similar BIC-related vortex beam was re-
cently reported employing symmetry breaking by oblique
angle of incidence [42]. Here we find the vortex beam
can be realized under normal angle of incidence but with
slightly geometric symmetry breaking. Moreover, clock-
wise and anti-clockwise magnetic field loops in y−z plane
at the quasi-BIC resonance are formed in the magnetic
field pattern, indicating the existence of toroidal dipole.
Toroidal dipole BIC has exceptional capability to confine
the field inside the resonator [23]. In order to probe the
mechanism driving the large field confinement, multipole
decomposition up to the quadruple modes is employed
for the BIC cavity and the quasi-BIC cavity respectively.
All multipolar modes expressions are taken from [22, 43].
The 3D electric field distribution used for simulation is
within one unit cell length in x−y direction and extruded
to the height of of cavity in z direction [44]. The ampli-
tudes, expressed as the square root of the far-field scat-
tered power, for all multipolar modes are shown in Fig. 3
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FIG. 4. (a) The calculated effective mode volume, Vm, and
Q/Vm at the eigenmode wavelength versus asymmetry degree
α. (b) Comparison with state-of-the-art plasmonic or PhC
optical cavities with various geometries under ambient con-
ditions: including (I) plasmonic dimer [21], (II) plasmonic
nanoparticle-on-mirror [19], (III) 2D PhC with L3 effect [37],
(IV) dielectric slotted nanobeam [38], (V) dielectric bowtie
nanobeam [16], (VI) slotted nanobeam [39] and (VII) 2D PhC
heterojunction [40]. The star denotes this work for quasi-BIC
gap dielectric nanocavity, with the position corresponding to
the theoretical calculated Q factor and effective mode vol-
ume. The dash lines correspond to Purcell factors, PF , of
different values. The shaded area represents the room tem-
perature single molecule weak coupling regime and unshaded
area represents the regime for strong coupling.
(c), including electric dipole P, electric toroidal dipole
T(e), magnetic dipole m, magnetic toroidal dipole T(m),
electric quadrupole, Q and magnetic quadrupole M. For
a direct comparison, the amplitude of each for BIC cav-
ity and quasi-BIC cavity are all presented in Fig. 3 (d).
It is clear that electric dipole P dominates the far-field
scattering of the BIC cavity and electric toroidal dipole
T(e) dominates the far-field scattering of the quasi-BIC
cavity. Furthermore, a magnetic toroidal dipole T(m)
is generated in quasi-BIC cavity, which corresponds with
the magnetic field loop observed in the H field map shown
in Fig. 3 (b).
The effective mode volume is further analyzed to probe
the potential capabilities for positioning a single molecule
in the air gap to enable strong coupling. The dimension-
less effective mode volume for a dielectric cavity is given
by the ratio of the total electric energy to the maximum










where ~rmax denotes the position of the peak magnitude
of the electric field |E| and n(~rmax) is the correspond-
ing index of refraction. λ denotes the free-space wave-
length. The calculated effective mode volume Vm of the
designed quasi-BIC cavity is shown in Fig. 4 (a). An
order of 10−2(λ/n)3 is achieved for the quasi-BIC gap
cavity. The calculation is performed over one unit cell
(500 nm × 500 nm) of the metasurface and extruded to
the height of the cavity over z direction. For a direct
comparison, the calculated Q, Vm and Purcell factor,
PF = 3Q/(4π
2Vm) are shown for state-of-the-art plas-
monic and PhC optical cavities with various geometry are
shown in Fig. 4 (b), including [I] plasmonic dimer [21], [II]
plasmonic nanoparticle-on-mirror [19], (III) 2D PhC with
L3 effect [37], (IV) dielectric slotted nanobeam [38], (V)
dielectric bowtie nanobeam [16], (VI) slotted nanobeam
[39] and (VII) 2D PhC heterojuction [40]. This work
with ymax = 21 nm, corresponding to an asymmetry
factor α = 0.008, is denoted as star shape, where PF
can reach a value with an order of 106, which outper-
forms most of the reported PF of state-of-the-art optical
cavities working under normal incidence to the best of
our knowledge. The theoretical Q can be infinitely high
when the asymmetry factor α is infinitely small, how-
ever technical fabrication with sub-nanometer precision
is challenging. Although the bowtie nanobeam cavity at
a ∼12 nm tip (partially in air and partially in silicon)
has a reported higher Purcell factor than this work [16],
the proposed quasi-BIC gap cavity here has a width of
41 nm with both electric and magnetic field concentra-
tion in air in each unit cell of metasurface, which enables
greater accessibility, easier technical fabrication and flex-
ibility in positioning individual or ensemble dipole emit-
ters. For room temperature single molecule with the typ-
ical scattering rate of dipole emitter ∼ kBT , strong cou-
pling requires mode volumes less than 10−5 [19], which
is represented as the line in Fig. 4 (b) separating two
regions, where below the line (clear area) represents the
strong coupling regime and above the line (shaded area)
is the weak coupling regime. It is clear that the pro-
posed quasi-BIC gap cavity has an even higher Purcell
factor than the sub-nanometer plasmonic nanoparticle-
on-mirror system and thus provides an alternative plat-
form to enable room-temperature strong coupling. Due
to the attractive prospect of electromagnetic field con-
finement in the relatively wide air gap, we highlight the
possibilities for applications for second-harmonic genera-
tion and lasing.
To conclude, we address the intriguing question that
whether free-space dielectric hot-spot exists, analogous to
plasmonic near-field hot-spot. The concept of quasi-BIC
gap nanocavity is proposed, where an asymmetric slotted
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air gap is introduced in a titanium dioxide dielectric disk
resonator, resulting in a small symmetry-breaking per-
turbation. The nature of the designed cavity is proven
to be quasi-BIC, with a strong temporal confinement,
corresponding to a Q factor up to 106 for a gap d = 41
nm, with corresponding asymmetry degree α = 0.008. A
dielectric hot-spot is generated within the asymmetric air
gap of the quasi-BIC cavity, where simultaneous squeez-
ing of electric field and magnetic field at the eigenmode
wavelength is achieved. It is demonstrated by multipole
decomposition that the electric dipole dominates the far-
field scattering of the BIC cavity whereas the electric
toroidal dipole dominates in the case of the quasi-BIC
cavity. Furthermore, an in-plane vortex polarizing elec-
tric field is formed, which threads the two parts of quasi-
BIC cavity and enables the electric and magnetic field
confinement. The effective mode volume of the meta-
surface is explored and it is of the order of 10−2(λ/n)3
at visible wavelengths, two order of magnitude smaller
than traditional nanobeam cavities. A Purcell factor of
the order of 106 is theoretically realized in a simple di-
electric metasurface geometry under normal light of in-
cidence, which can be employed for room-temperature
single molecule strong coupling. Plasmonic cavities with
near-field hot-spots have served as a platform for ma-
nipulating light-matter interaction last few decades, the
proposed quasi-BIC gap cavity with dielectric hot-spots
provides an exciting alternative platform for cavity QED,
lasing, optical trapping and quantum light manipulation.
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